Abstract-Counting cells in a large microchannel remains challenging and is particularly critical for in vitro assays, such as cell adhesion assays. This paper addresses this issue, by presenting the development of interdigitated three-dimensional electrodes, which are fabricated around passivated pillar shaped silicon microstructures, to detect particles in a flow. The arrays of micropillars occupy the entire channel height and detect the passage of the particle through their gaps by monitoring changes in the electrical resistance. Impedance measurements were employed in order to characterize the electrical equivalent model of the system and to detect the passage of particles in real-time. Three different geometrical micropillar configurations were evaluated and numerical simulations that supported the experimental activity were used to characterize the sensitive volume in the channel. Moreover, the signal-to-noise-ratio related to the passage of a single particle through an array was plotted as a function of the dimension and num ber of micropillars.
I. INTRODUCTION
Fluidic, chemical and sensing functions can be integrated on lab-on-a-chip devices with the purpose of miniaturizing and automatizing laboratory practices and analytical processes. Pushing miniaturization and performance of sensors to the extreme makes it possible to reach single cell level. Electrical-based sensing techniques have been widely employed in this field due to their amenability to be implemented as parallel measurement systems and for their advantages related to label-free and non-destructive detection with respect to fluorescence techniques [1] .
For cell counting applications, miniaturized devices based on the Coulter counter techniques have been recently introduced to address the need for parallelism and portability. For instance, micro fluidic Resistive Pulse Sensors (RPS) lead to easy miniaturization and improved Signal-to-Noise-Ratio (SNR) [2] . Nevertheless, their limiting factor is the low Research supported by the Swiss Federal Institute of Technology Lausanne (CH) and by the swissUP Fouudation .
• Authors contributed equally to the paper. E. Bianchi throughput coming from the use of a single micro-or sub micro channel resulting in a low flow-rate [3] . Recently, multi-aperture Coulter counters have been introduced to enable parallel operations [4] .
In the field of elelctrical-based cell counters, several recent works witness a wide interest in the use of the Impedance Spectroscopy (IS) technique for the development of miniaturized systems [5] . The sensing principle is based on the impedance change induced by the presence of a cell between two electrodes. This change is due to the dielectric properties of the cells, determined by the presence of the highly insulating bilayer membrane. Impedance-based systems have been used to monitor the cell growth and viability [6] , and to identify cells affected by diseases such as cancer [7] or malaria [8] . These studies are performed either on cells in a flow [9] or on cells adhered on co-planar electrodes [10] [11]. Previous works performing IS on suspended particles are based on channels or apertures characterized by a flow section comparable to the dimension of the particles under test ( [12] , [13] , [14] , [15] , [16] ). Gawad et al. demonstrated the possibility to differentiate and count cells in a channel by co-planar microfabricated Pt electrodes [12] . Facing electrode configurations in a channel were proposed to improve the impedance signal caused by the passage of a particle [13] [14] [17] . Indeed, since the generated field of vertical facing-electrodes is uniformly distributed, the impedance change is not affected by the position of the cell in the z-axis.
In this paper we address the detection of cells flowing through parallel-plate flow-chambers with large width-height ratio. These microfluidic chambers are employed in flow dependent cell adhesion assays, where the ability of cells to adhere to a surface is evaluated in controlled shear-stress conditions. For instance, they have been employed to observe under flow conditions the adhesion and migration through the endothelium of leucocytes [18] and of melanoma cells in presence of neutrophils [19] .
A possible strategy to perform adhesion tests is to count cells before and after the passage through the adhesion chamber in order to evaluate the number of adhered cells. Nevertheless, for this application the drastic flow perturbations caused by cells passing through a small aperture should be avoided. To overcome this problem, we developed interdigitated pillar-shaped microelectrodes to be distributed along the flow section of the parallel-plate flow chamber, implementing two sensors, one close to the inlet and the other close to the outlet.
In our approach, each single impedance sensor is constituted by two or more pillar-shaped microelectrodes arranged along a line normal to the flow direction (Fig. 1a) . The electrodes are connected in an interdigitated fashion to only two pads. Compared to a solution employing series of electrode couples along the channel width, our system avoids capacitive coupling between the wires of the different adjacent sensors and drastically reduces the number of pads. Overall, the adopted solution is suitable for the implementation of on chip devices featuring parallel assays.
In this paper we present experimental results on two-and three-pillar sensors of different dimensions, tested on the detection of polystyrene beads in flow. Moreover, we support our results with numerical simulations to optimize the design for single-particle counting and to investigate the theoretical limits of the presented devices.
II. MATERIALS AND METHODS

A. Experimental measurements 1) Chip assembly characterization by impedance
Vertical platinum electrodes were obtained by metal deposition on a passivated silicon substrate on which pillar shaped structures were previously fabricated. The electrodes were connected to external pads by wires that were passivated with silicon dioxide. For all devices, only two pads were used to contact the pillars which were connected in an alternate configuration, implying that the equivalent electrical elements of the volumes in between the pillars are connected in parallel (Fig. 1a) .
A PDMS (polydimethylsiloxane, Sylgard 184 DowCorning) cover was bonded to the silicon substrate to form a 50 11m high microfluidic channel where beads are carried in a laminar flow of buffer solution. Three different micropillar configurations have been designed for the impedance spectroscopy experiments. 
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, , \ The electrodes were designed to occupy 50% of the channel flow section, thus the width of the micropillars (W) is equal to the gap in between them (G) ranging from 30 11m to 50 11m (Fig. 1a) . Moreover, the length dimension L of the micropillars is constant for the three geometries and equal to 30 11m. The three geometrical configurations will be indicated in the following as: 30 !--l m-40 Ilm-and 50 11m-configuration. As shown in Fig. 1 , front and back faces of the micropillars are rounded to ensure a better hydrodynamic behavior by reducing the presence of stagnation zones where beads could be trapped.
2) System instrumentation
The impedance measurements were performed using an Agilent 4294A impedance analyzer remotely controlled by a LabVIEW interface. A PCB holds the chips and provides connection to the instrument. A syringe pump (Harvard, Milliliter syringe pump module OEM) was used to generate flow-rates in the range of 0.5 !--l Limin -1 !--l Limin to move the beads along the channel. The setup was mounted on a Leica DM2500 microscope and a synchronized video of the channel was recorded with a Leica DFC295 camera at 23 frame/s, in order to simultaneously observe the impedance signal and the bead position.
3) Impedance measurements
Impedance characterization of the chips has been performed both in air and in O.lX PBS (Phosphate Buffered Saline, Sigma Aldrich). The sinusoidal amplitude was set at 50 mV and the bandwidth of the tool to 3. The silicon chip was connected to ground to eliminate capacitive couplings between the wires and the silicon substrate. Bode plots of our systems were obtained by sweeping the frequency over 801 measurement points logarithmically distributed between 10 3 Hz and 10 6 Hz. For other experiments, consecutive single-frequency measurements at 40 kHz and 80 kHz have been performed to detect the passage of 10 11m polystyrene beads (200-500 beads/ill, Sigma Aldrich) in real-time through the sensing electrodes. The impedance was recorded at time intervals of 25 ms.
B. Numerical simulations of impedance characteristics
Comsol Multyphysics was used to simulate the impedance response of the system to an AC voltage input [20] . A tetrahedral grid, consisting of 170'000 to 300'000 elements, according to the considered geometrical configuration, was applied on the volume. Smaller structures, 
III. RESULTS AND DISCUSSION
A. Impedance spectra
The Bode plot of the 30 J.lm-configuration is shown in Moreover, the three-pillar device detects a four times smaller impedance change. A similar behavior was found in simulations. In particular, the simulated values of the peak maximum for the different devices describe a similar trend as the experimental results (Fig 3b) .
In order to estimate the impedance change during the passage of a bead in between the micropillars, simulations have been performed for the two-pillar 30 11m-configuration. The results show that the pillars provide a 100 11m long sensing volume along the flow direction where the signal of the bead is at least 15% of its maximum value (Fig. 4) . 3D simulations were also employed to characterize the impedance change due to one single bead as a function of the pillar/gap dimensions in a 1 mm-wide array of identical pillars. Considering a fixed channel width, increasing equally the gap dimension and the width of the pillars will lead to a reduction of the number of pillars fitting in the array. A lower number of gaps in the flow section is more favorable for the detection of a single bead passing through one of the gaps. This suggests that larger pillars and gaps lead to a higher impedance signal due to the bead (Fig. 5 right axis) . Nevertheless, larger gaps and larger pillars correspond to a higher value of the resistive plateau resulting in a significantly higher absolute instrumental error. By combination of the results of the simulations and the evaluation of the noise, we derived that the increase of the pillar dimension and gaps lead to a decrease of the SNR (Fig. 5 left axis) .
It is possible to derive that in order to have a SNR greater than 3, the length of a 30 11m-configuration array should not exceed 1.6 mm with the present measurement setup.
IV. CONCLUSIONS
The present work shows the suitability of 3D microelectrode arrays to detect the passage of single particles flowing in flow-through chambers, via both experimental data and numerical simulations on polystyrene beads. On the other hand, the detection of multiple events is still to be investigated.
Our actual setup is limited by the accuracy of the impedance analyzer corresponding to a percentage relative error of 0.01 on the measured impedance and by the low sampling rate. Therefore, the performance of the system could be further improved by ad hoc circuitry.
